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CHAPTER I 
IMTEOnJCTIQH 
In general there are three temperature ranges of liquid "baths 
for producing very low temperatures. Liquid air, oxygen, and nitrogen 
are used in the first temperature range - 90.3°K. (the normal boiling 
point of oxygen) to 63,3 *£. (the triple point of nitrogen). The latter 
temperature can "be obtained by reducing the pressure over liquid nitro-
gen. Liquid hydrogen has a normal "boiling point of 20.4 K, hut can he 
made to sublime as low as 10°K. under reduced pressure. The lowest 
temperature range is provided by licuid helium, which has a normal 
boiling point of 4.2°K. With the aid of a good vacuum pump, helium can 
be maintained at a temperature of 1 K. 
The first temperature range is not difficult to obtain since 
liquid air, oxygen, and nitrogen are commercially available sJid can be 
shipped over a considerable distance by the use of vr-cuum containers. 
The liquefaction of helium in recent years has been made comparatively 
i 
simple by a, method, suggested by F. Simon , which uses liquid hydrogen 
as a refrigerant. Therefore, if liquid hydrogen is available, the 
liquefaction of helium may be rather easily carried out. Until recently, 
1 Simon, F. , Zeits. f. Pes. Ealte Ind.. 39, 89, (1933); Simon, 
F.f and Ahlberg, J. E., Zeits. f. Physik, 81, 816, (1933). 
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the licuefaction of hydrogen has "been regarded as rather difficult, 
since it involved the use of complicated pnd expensive equipment. Con-
sequently, very few laboratories installed low temperature equipment 
until widespread interest in cryogenic research resulted in the devel-
opment of the small scale hydrogen liquefier which has a capacity of 
ahout one liter of liquid hydrogen per hour. This newer type hydrogen 
liquefier and the convential compressor-gasometer arrangement "both uti-
lize the Joule-Thomson effect and regenerative cooling, hut differ in 
that the newer type uses commercially available compressed hydrogen in 
cylinders in place of a compressor. 
This simplified hydrogen liquefier hss the following advantages: 
(l) it is more economical for producing small quantities of liquid 
hydrogen, (3) it does not need specially trained attendants to operate 
apparatus, and (3) it is smaller, more compact, and portahle. JU.th.ough 
the compressor-gasometer system has a relstively high initial cost, it 
is more economical than the newer type for producing larger quantities 
of liquid hydrogen. This older type also lias the advantage that all the 
unlicuefied gas that is purified hy passing through the licuefier is 
eventually liquefied. The disadvantages of the newer type are that 75 
to 90$ of the hydrogen which has "been purified is lost and that the 
number of cylinders that can he used at one time is limited hy the size 
of the purifier. The use of too many cylinders results in the passage 
of progressively more impure hydrogen to the liquefier, where the impuri-
ties freeze cut and reduce heat transfer in the main heat interchanger. 
The liquefier which has been built here incorporates the design 
o 
features described "by a number of other esqperimenters. • ' ' ' ' • • 
Oar aim has been (l) to build a l iquef ier which i s eas i ly con-
structed and operated; (2) to design and construct a l iquef ier that 
contains two nitrogen precoolers, one of which operates at the normal 
"boiling point of nitrogen and car r ies the main refr igerat ion load, 
enabling a vacuum pump of small capacity to "be used for maintaining 
the second precooler near the t r i p l e point; (s) to use a regenerative 
exchanger which i s more easi ly constructed than those previously used 
by other experimenters; and (4) to produce l iqu id hydrogen in quant i t ies 
sufficient for producing liquid helium by Simon1s expansion method. 
Figure I (see Appendixes for a l l Figures) gives a front , over-al l 
view of the apparatus. I t i s essen t ia l ly composed of several compressed 
cylinders (on the extreme l e f t ) , which supply high-pressure hydrogen of 
99,8 to 99.9$ pur i ty ; a pur i f ie r ( lef t center ) , which adsorbs most of 
the impurities in gas; a l iquef ier (right center ) , which l iquef ies part 
2 Lat imer , W. M, , J . An. Chen. Soc. . 4 4 , 90, (1922) . 
Lat imer , W. M., Buff ington, R. M., and Hoenshed, H. D. , J . An. 
Chero. S o c . 47, 1571, (1925). 
4 Bichowsky, F. R . , J . Ind. Bng, Ohem. , 14, 62, (1922). 
5 
Keyes, F. G., Gerry, H. T. , end Hicks, J. F. G., Jr., J. An. 
Chem. Soc.. 59, 1426, (1937). 
6 Starr, C., Rev. Sci. Instruments. 12, 193, (1941). 
n 
ihlberg, J. K , Estermann, I., and Lundberg, W. 0., Rev. Sci, 
Instruments. 8,, 422, (193?). 
Q 
DeSorbo, W. , Milton, R. K., and Andrews, D. H. , Chem. Reviews. 
39, 403, (1946). 
Fairbanks, H. A., Rev. Sci. Instruments. 17. 473, (1946). 
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of the hydrogen and collects the liquefied hydrogen within itself in 
the bottom of a, glass BewaT vessel; and a transfer system "by which the 
liquid is removed from the liouefier. 
High-pressure hydrogen from a, number of cylinders, which are 
connected bya manifold, passes directly to the purifier. In Figure 3 
it can he seen that the impure high-pressure hydrogen gas enters the 
purifier at "a", passes through a silica gel trap "s" at room temper-
ature and emerges at "b". The gas then passes to "c" "by me,̂ ns of a 
jumper (not shown), where it is conducted through the interchanger I, 
"before entering the first of the three charcoal traps, which are cooled 
in liquid nitrogen and connected in series. Having passed the purifier, 
the hydrogen is conducted through a valve and a second manifold "before 
it enters the liouefier. As is seen in Figure 8, the high-pressure 
hydrogen enters the liouefier at HP and passes in turn through the ex-
ternal heat exchanger El, the heat exchanger E2, the cooling coil Fl, 
the heat exchanger S3, the cooling coil F2, the main heat exchanger X 
(regenerative exchanger), and the expansion valve V. After expansion, 
the cold low-pressure hydrogen gas is conducted in countercurrent flow 
through the various exchangers outlined above until it emerges at EL. 
Finally, this gas is passed through a flow meter before being dis-
charged to the atmosphere. 
5 
CHAPTER I I 
THE PURIFIER 
The compressed, e l e c t r o l y t i c hydrogen gas which was suppl ied by 
the Nat ional Cylinder Gas Co,, A t l an ta , Georgia, had a p u r i t y of 99,8 
to 99.9$ - the chief i m p u r i t i e s being o i l , water vapor, n i t r o g e n , and 
oxygen. The removal of the i m p u r i t i e s i s e s s e n t i a l for t r o u b l e - f r e e 
ope ra t i on of the l i q u e f i e r s which are b u i l t to opera te by u s i n g com-
merc ia l hydrogen i n c y l i n d e r s a s a source of h igh-p ressu re g a s . The 
p u r i f i e r which has been b u i l t here i s designed t o remove these impur-
i t i e s by pas s ing the h igh -p res su re gas over s i l i c a gel a t room temper-
a tu re and over a c t i v a t e d cha rcoa l , cooled to 77 .3 &. by means of a ba th 
of l i q u i d n i t r o g e n . 
This p u r i f i e r , complete, i s shown in Figure 3 . Figure 4 g ives a 
d e t a i l e d view of the design of t he s i l i c a ge l and charcoal t r a p s p rope r . 
D e t a i l s of c o n s t r u c t i o n are given in Jippendix A. 
Most of the o i l and water vapor in the h igh-p ressu re hydrogen i s 
removed hy the s i l i c a g e l t r a p . The th ree charcoal t r a p s remove p r a c t i -
c a l l y a l l of the remaining water and o i l vapor , the oxygen, and most of 
the n i t r o g e n . 
The n i t r o g e n i s the impuri ty t h a t i s d i f f i c u l t t o remove completely. 
With a cons tan t flow r a t e of 5 cubic f ee t per minute, roughly 380 gram 
moles of h igh -p res su re gas e n t e r the l i q u e f i e r pe r hour. I f t h i s gas 
con ta in s 0 .01 mole percen t of n i t r o g e n ( s o l i d n i t r ogen having a dens i ty 
of 1.026 grams per cc ) about L cc of s o l i d ma t t e r w i l l s epa ra t e in the 
___ 
I . C. T. , Vol. I , 104, (1926). 
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small, high-pressure tube of the regenerative exchanger per run. The 
following information is given by Blanchord and Bittner. A properly 
designed throttling valve will usually pass a considerahle amount of 
solid latter without too much plugging. However, another great difficul-
ty arises from the fact that the condensing impurities have some tendency 
to plate-out as a coating of high thermal resistance on the walls of the 
high-pressure tubes. This plating-out seriously reduces the efficiency 
of heat exchange between the low- and high-pressure streams. In extreme 
cases, freezing impurities may produce constrictions sufficient to cause 
a portion of available Joule-Thomson expansion to occur at the wrong 
places. Thus, the liquefier usually suffers a progressive decrease in 
efficiency of liquefaction witn time of operation. This gradual decrease 
in efficiency may go unnoticed since the liquefier may appear to be 
working smoothly by every other indication, 
The charcoal traps are immersed in a bath of liquid nitrogen 
contained in a met̂ .l Der/ar vessel which is sufficiently long to extend 
about one inch above the topmost coil of interchanger I. In the inter-
changer the warm gas, leaving the silica gel trap, is interchanged with 
the cold purified gas, leaving the third charcoal trap. VJhen operating 
with flows of 4 to 5 cubic feet per minute (CSLi) , the gas emerges from 
the interchanger at a,bout 15 C. below room temperature. 
After being used, the silica gel and charcoal traps need to be 
reactivated by the removal of adsorbed gases and vapors. The tube con-
Blanchard, B. E. , and Bittner, H, W, , Rev. Sci. Instruments. 
13, 394, (1943). 
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necting the two traps, between "b" and "c", is removed "by unscrewing 
the compression fittings. Activation is then carried out by simultane-
ously pumping at HbH and "c" ("a" and Md" being closed off), using a 
small vacuum pump protected by a trap cooled with liquid nitrogen. Both 
the silica gel and charcoal traps (enclosed, respectively, in a station-
ary heater and a removable furnace) are heated to 140 to 150°C, for 
several hours at a pressure of about 10 mn. mercury (absolute). The 
temperature is controlled ty variable resistances and thermocouples. 
After the traps have been cooled to room temperature, the vacuum is 




The hydrogen liquefier which has "been "built here is $ compact, 
relatively portable unit so designed that its principal parts are 
readily accesible for inspection and repairs. The assembled liquefier 
occupies a floor space of 14" x 33" and is 43" tall. Figures 5, 6, and 
7 show, respectively, the assembled liquefier (rear view), the control 
panel, and the licuefier proper. Details of construction are given in 
Appendix B. 
Figure 8 represents a schematic detail of the liquefier. Briefly 
the liquefier consists of two pots (Nl and N2) for the liquid nitrogen 
which is used as the refrigerant; four heat exchangers (El, E2, E3, and 
X) j two cooling coils (Fl and F2); four thermocouples (Tl, T2, S3, and 
T4); and the expansion valve V. The liquid hydrogen produced is collected 
in the hottorn of the glass Dewar vessel J and can he transferred there-
from through the vacuum-jacketed transfer system HT, which extends to the 
bottom of this vessel. 
The two nitrogen pots operate at different temperature levels. 
Pot HI, which is filled through K -and has a vent R, is operated at 77.3 
°K., the normal "boiling point of liquid nitrogen. The liquid nitrogen in 
pot H2, which is admitted to pot U2 from pot HI by valve UY operated by 
the valve stem 0, is made to boil under reduced pressure at 66 &. by 
means of a vacuum pump (tfelch Duo-Seal No. 1400B, 21 liters per minute 
free air capacity), connected at L. 
The liquid level in pot Nl is controlled by the thermouples Tl 
9 
and T2 so that it remains between these two couples. Thus, the liquid 
is always kept "below heat exchanger 32, while the cooling coil Fl is 
always immersed in the refrigerant. The space between Tl and T2 has a 
volume of 350 cc. 
The liquid level in pot N2 is not directly measurable. However, 
the level can he regulated sufficiently well "by the thermocouple T3, 
which is soldered externally to the pot and by the behavior of the vacuum 
pump. This pot has a volume of 300 cc, 
The thermocouple T4, soldered to the body of the expansion valve 
V, permits the temperature of V to be followed. About one liter of 
liquid hydrogen can he collected in J before the lirmid level reaches 
the expansion valve. 
The space between the bottom of pot H2 ~nd the lowest coil of the 
exchanger X was packed loosely with woolen blanket cloth. This insulation 
has been found to prevent diffusion or convection of the cold low-pres-
sure hydrogen into the higher temperature zones before it passes through 
the exchanger, Failure to do this packing results in a very decided 
7 
decrease in the efficiency of liquefaction. 
The space between the bottom of Nl and the top of N2, the space 
between the brass dome W sa4 the outside surface of Nl in the region of 
the heat exchanger "E2, end the space surrounding the heat exchanger El 
were all packed with this seme material. It is of considerable importance 
that the outside surface of the upper part of pot Ul be insulated since 
the Dewer vessel does not extend into the brass dome. Even with insula-
tion, a gree.t deal of moisture condenses on the outside surface of the 
brass dome. If the liquid level in pot 1H is allowed to be much above 
10 
thermocouple Tl, t h i s moisture i s frozen, 
The high- and low-pressure l ines connecting El and E2 were also 
wrapped with t h i s insulat ing material , which prevents frost ing during 
operation. With insula t ion the low-pressure hydrogen leaves Si at 5 to 
10UC. "below room temperature. 
The expansion valve, the valve ST, and the transfer valve require 
special construction since they operate at low temperatures, "be external ly 
adjustable, "be small in s ize , and have delicate control . The expansion 
valve, in addit ion, must operate with a pressure on the high side of 136 
atmospheres and on the low side of about 1.5 atmospheres. After expansion 
the l inu id and gaseous hydrogen pass through copper turnings, which tend 
to keep l iou id hydrogen from entering exchanger X as a mist. 
A number of controls for operating the l iquef ie r , as well as for 
diagnosing troubles, are provided. I'Measurements of the pressure of the 
high-pressure hydrogen p.re made at the second manifold, before the 
hydrogen enters exchanger El , and at a point G2, jus t before the cold 
gas enters the expansion valve. Ihring operation with flow ra tes of 3 
to 5 CFI1, there ex is t s no appreciable pressure drop across these points . 
A th i rd gauge, G-3, measures the hydrogen pressure after expansion in 
the Dswar vessel . This pressure in normal operation i s 7 to IS pounds 
per square inch (p s i ) . The Dewar i s protected "by «a safety valve (not 
shown) which is set for 50 p s i . 
A bourdon-type vacuum gauge in the pumping line L to pot H2 
permits the pressure in the lower pot to be measured pnd thus the tem-
perature to be obtained. A Kerotest diaphragm-type valve in the pumping 
l ine allows the pressure in th i s pot to be maintained at the desired. 
11 
value, 
Provision has also been made for thawing out "both the expansion 
valve V and the heat exchanger X in case of freezing impurities. This 
thawing-out is accomplished "by directing a stream of warm gas against 
the "body of the expansion valve. This gas, controlled by a valve at the 
second manifold (Figure 2), is admitted to the liquefier through a 0.040" 
O.D. x 0.010" wall cupro-nickel capillary tube (visible in Figure 7 hut 
not shown in Figure 8), which passes along the outside of both nitrogen 
pots. This device is of great help for rapidly warming the expansion 
valve and exchanger X. An almost immediate response is indicated "by 
thermocouple T4. The small heat capacity of the parts involved permits 
a rapid return to hydrogen liquefier conditions when expansion is resumed. 
Low-pressure, outgoing hydrogen is heated by high-pressure, in-
coming hydrogen at all liquefier temperature levels by exchangers (El, 
E2, 33, and X) until room temperature is almost reached. The cooling 
which is not produced by exchangers (El, E2, and E3) is accomplished by 
the nitrogen pots. These exchangers determine only the rate and thus the 
quantity of liquid nitrogen used. The regenerative exchanger X determines 
the regenerative cooling and thus the efficiency of the liquefaction 
process. Therefore, exchangers (El, TS2, and Es) are not as important as 
exchanger X. It is obviously desirable that the efficiency of the heat 
exchangers be as high as possible. This efficiency has been well defined 
^s the ratio of the actual temperature rise of the outgoing gas between 
the two ends of the exchanger to the maximum possible temperature rise. 
This is approximately the ratio of the actual amount of heat exchanged 
between the two gas streams to the maximum possible. 
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The following information on heat exchangers follows closely 
c. 
that given by Starr . The regenerative exchanger should have an e f f i -
ciency of at l eas t 95$, and a l l others should not "be below 90$. The 
drop in pressure through both sides of the exchangers should he low in 
order to maintain high efficiency of lictuefaction. Excessive pressure 
drop in the high-pressure side of the regenerative exchanger r esu l t s in 
Joule-Thomson cooling along the exchanger, and t h i s self-cooling reduces 
the heat exchange with outgoing gas "by reducing the temperature d i f fer -
ence. Excessive pressure drop in the low-pressure side ra ises the p res -
sure in the l iquid hydrogen chamber and reduces the efficiency of 
l iquefact ion "by causing liquefaction at both a higher temperature and 
pressure. Low- pressure in the hydrogen chamber i s also desired for 
s t ruc tura l reasons. 
A pressure drop of not more than 0.8 atmosphere from the l iquid 
hydrogen chamber to the outlet i s sa t isfactory. Most of the pressure 
drop occurs in the high temperature portion of the exchanger system, 
the exchanger X contributing a drop of only .1 to .3 atmosphere. Under 
these described conditions the temperature of the high-pressure hydro-
gen before expansion is about 42 to 46°K. (Appendix C) . Therefore, there 
i s no l iquid hydrogen formed in the high-^pressure side of the exchanger 
since the c r i t i c a l temperature of hydrogen i s 3G.3°K. 
The shortness and compactness of the "twisted tube" exchanger 
(a type of regenerative exchanger) has made i t possible to use th i s kind 
of a hydrogen l iquef ie r . From some experiments carried out at Johns 
Hopkins University* i t has been observed that with, a flow-rate of about 
3 G¥l,i aa exchanger of t h i s type of 22" in length gave the same l ique-
13 
faction efficiency ?,s one of 62" in length in the operation range of 
2000 to 600 psi* However, this type of exchanger is quite difficult 
to construct. On account of esse of construction the flat tuhe ex-
changer used in the Tforic was designed to replace the "twisted tuoe." 
The construction of the flat tuhe and "twisted tube" exchangers is 
given in .Appendix B. 
14 
CHAPTER IV 
OPERATING CHARACTERISTICS OF LIQUEFIER 
Three runs of varying length were made (July 3, July 25, and 
August l) with this liquefier. The purpose of the first run wa,s to 
familiarize the operators with apparatus and to verify the fact that the 
liquefier would produce liquid hydrogen. The efficiency of liauefaction 
rss not measured until the July 25 and August 1 runs. 
From an analysis of the first three runs, the composite run is 
given in Tahle I, page 21. The production rate is essentially that ob-
served on the August 1 run. 
The liquefier has given trouble-free performance except when 
impure gas was used. The expansion valve has needed only occasional 
adjustment as the pressure in the cylinders fell. The hydrogen transfer 
system has worked smoothly. The consumption of nitrogen has not "been 
excessive. After liquefpotion had begun, the upper pot KL required 
filling every 12 to 15 minutes: and the lower pot N2 required filling 
once an hour. 
The rate of production of liquid hydrogen was measured as follows: 
The licuefier was first drained of all linuid hydrogen: then it was 
allowed to run for a period of 20 to 30 minutes. At the end of this 
time the liquid hydrogen was transferred from the liquefier through the 
transfer valve to a deep Dewar vessel which already contained liquid 
hydrogen from a previous transfer. The hydrogen transfer tube is a 
double walled, vacuum-jacketed tube constructed of cupro-nickel alloy, 
The inner tube is provided with a va.cuum-jr-.cketed needle valve, oper-
15 
ating from valve stem on top of liquefier. Upon opening the transfer 
valve, the liquid hydrogen was forced through the transfer system by 
the excess of pressure (7 to 12 psi) on the liquid in the bottom of the 
liouefier to the external Dewar vessel. The increase in the height of 
the liquid level in this external Dewar vessel was measured "by means of 
a thermocouple probe, surrounded "by an electrical heater. By means of 
the probe, the liq_uid level was measured to within l/8". The production 
rate quoted in the summary of Table I was measured in like manner. The 
actual production rate in the liquefier is somewhat greater thnn that 
measured in this manner because of heat leaks, possible mist formation, 
and pressure drop losses during transfer from liquefier. With a pressure 
drop of 12 psi about 8$ of liquid is lost (Appendix C). 
The actual efficiency of liquefaction was calculated from the 
volume of liquid hydrogen collected and the drop in pressure in cylinders 
during the same period. This calculation is given on p^ge 35. The 
details of the calculation of theoretical efficiency are given in 
Appendix C. 
Daring these runs the lower nitrogen pot was kept at a temperature 
of 66°E. The actual average efficiency for the August 1 run in the 
ranges of 1880 to 1520 psi and 1520 to 1100 psi was found to be respec-
tively 4.4 and 4.5$.* If transfer losses are taken into account, these 
efficiencies of liquefaction should be raised to perhaps 6 to 8$. The 
theoretical efficiencies of liquefaction in these pressure ranges are 
* Since the August 1 run, the flat tube exchanger has been re-
placed by a "twisted tube" exchanger. A summary (Sept. 22 run) with this 
later exchanger is given as a comparison. See page 21. 
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25 and 24$ when T = 66°K.** and 17 and 15$ when T = 77.3°K. 
The large difference between the actual and theoretical effi-
ciency of liquefection may "be due to several causes: 
(a) The transfer loss ma;/ he larger than estimated, 
(b).The gas reaching the top of the regenerative interchanger 
from the lower precooler may he warmer than the 56°K. used for the 
efficiency calculations: that is, the lower precooler coil F3 may be 
too short, 
(c) The efficiency of the regenerative interchanger may be low. 
These three causes will now be briefly analyzed, 
The transfer loss can be evaluated if the gaseous hydrogen 
produced during transfer is metered, since this •-•ill measure the amount 
of liquid hydrogen lost, both due to heat losses in the transfer system 
and to possible mist formation. Since no such measurements were made, 
it is not possible to evaluate the transfer loss exactly, 
In order to analyze the possible inefficiency occurring under items 
(b) and (c) , the Reynold1s number of the high pressure hydrogen passing 
through the lower precooler coil F2 and the regenerative exchanger X was 
calculated for the various operating conditions used. These calcula-
tions together with graphs giving the viscosity of hydrogen gas as a 
function of temperature and pressure are given in .Appendix F. It was 
found that under all operating conditions the Reynold's number was above 
10,000 (Figure 4), indicating that the flow in both F2 and X is turbulent 
** T = represents the temperature of hydrogen entering regenerative 
exchanger, 
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rather than streamlined flow. 
Cooling coild SI and F2 constructed of copper tuning operate 
by t ransferr ing heat from the turbulent high-pressure hydrogen gas 
to boil ing l iqu id nitrogen. Since coi l 51 to 14 feet long, i t i s 
believed that the high pressure gas leaving pot Nl should be very 
close to 77.3°K. Coil Y2 i s only 5.3 feet in length but has only 
to cool the hydrogen from 77.3°K. to 66°K. On the other hand, the r e -
generative interchanger i s only 30 inches lcng and suffers the d i s -
advantage of being constructed of a poor thermal conductor, namely 
Super-nickel al loy, though the wall thickness of the tubing used i s 
only 0.010 inches. Furthermore, the heat exchange is the regenerative 
interchanger involves heat t ransfer between two turbulent gas streams. 
I t was not possible to separate sa t i s fac to r i ly the possible inef-
f ic ienc ies occurring in F2 and X. However, since t h i s work was completed, 
the f la t - tube regenerative exchanger has been replaced by a "twisted-tube" 
exchanger of the same material and length as X, a l l other pa r t s of the 
l iquef ier being kept the same. With t h i s single change the efficiency of 
l iquefact ion has been raised from 4.4 to about 10$. 
This l a t t e r work strongly suggests that the reason for the poor 
performance of the l iquef ie r described in th i s thes i s l i e s in the i ne f f i -
cient operation of the f la t - tube regenerative exchanger. 
From th i s r esu l t alone i t i s s t i l l not possible to determine how 
much of the remaining inefficiency l i e s in the cooling coil F2 and how 
much i s e i ther the resul t of poor performance for the regenerative heat 
exchanger or the resu l t of t ransfer losses . Measurements of the actual 
18 
transfer losses together with a measurement of the temperature of the 
high-pressure hydrogen reaching the top of the regenerative exchanger 
are planned and should ̂ id in settling these cuestions. 
On all runs with the apparatus the cylinders were replaced when 
the pressure got as low as 500 to 600 psi. It is not economical to 
operate with pressures much lower than this as the efficiency of lique-
faction falls rapidly with lower pressure as seen on Figure 1. This 
efficiency of liquefaction is expected to "be still lower "because of 
the more rapid velocity of gas through exchanger X, which reduces heat 
exchange and thus exchanger efficiency. The cylinders were also found 
ti contain liquid water in the bottom. As the pressure of hydrogen in 
the cylinders decreases, the concentration of water vapor in gas in-
creases, which onuses purification difficulties. 
The apparatus for measuring liquid hydrogen consisted of a "brass 
case, containing a glass Dewar flask, 3-1/8" I.D.? a rubber stopper; an 
electrically heated thermocouple prohe; and a double-walled vacuum glass 
tube. The rubber stopper, having two holes through which passed the glass 
tube and probe (surrounded by short piece of pressure tubing), fits into 
the Dewar flask. Details of construction of probe are given in Appendix: D. 
When the probe was above the liquid level, the heater kept the 
thermocouple well above the liquid hydrogen temperature. Once the thermo-
couple touched the liquid, a rapid deflection of potentiometer was ob-
served. Thus the liquid level could be located. However, the probe did 
not give a direct measurement of licuid depth, since the height of probe 
was measured from rubber stopper to top of probe. 
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The flow meter is an orifice calibrated for two plates using a 
manometer filled with colored water. The meter is not accurate enough 
for calculating efficiency of liquefaction (explained in Appendix C) "but 
is extremely useful for keeping flow through the liquefier steady and 
for obtaining a very good estimate of flow. 
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TABL3 I 
COMPOSITE RUN OP HnjROGEN LI^UEFIER 
(Time (hours) Operat ion 
0 .0 Three t anks on a t 800 p s i . Began cool ing 
charcoa l t r a p s of p u r i f i e r wi th l i q u i d 
n i t r o g e n . 
.25 Began transfer of nitrogen to pot Nl. 
.37 Charcoal traps at liquid nitrogen tempera-
ture (4 liters required to cool and fill 
metal Dewar surrounding charcoal traps). 
.43 Began slow flow of hydrogen through lique-
fier (1 dlt). 
.50 Began transfer of liquid nitrogen to pot 
N2. 
.70 Both pots full (2.0 liters liquid nitrogen 
required). T4 reads 1.13 millivolts. 
.80 Hydrogen flow increased to 2 to 3 GS1C. 
1.44 T4 reads 6.8 millivolts, liquefaction of 
hydrogen hegan. Cylinder pressure— 300 
psi. 
1.53 Cylinders replaced hy three cylinders with 
1800 psi. Plow rate increased to 4 to 5CIM. 
2.65 Cylinder pressure— 750 psi. 
3.05 Cylinders replaced oy three cylinders with 
1930 psi. Pressure in expansion chamoer— 
9 psi. 
3.09 Liquid hydrogen transfer ended. Pressure— 
1880 psi. 
3.42 Liquid hydrogen transfer ended. Pressure— 
1520 psi. 
3.79 Liquid hydrogen transfer ended. Pressure— 
1100 psi. 
4.67 P re s su re in cy l inde r— S05 p s i . Hun stopped, 
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TABLE I (cont.) 
Summary (.August 1 run) 
Production Rate— 0.43 liters per hour at 4 to 5 CBJ. 
Consumption of liquid nitrogen 
(1) To cool charcoal traps— 4 liters 
(2) To cool liquefier to hydrogen temperature of lique-
faction— 3 liters 
(0) To produce 0.7 liter liquid hydrogen 
(a) Purifier— 3.9 liters 
(h) Liquefier— 5 liters 
Total liquid nitrogen consumption— 15.9 liters 
The summary of the following run of September 32 is given as a 
comparison of "both types of exchangers used: 
Summary (Sept. 22 with "twisted tube") 
Total volume of liquid hydrogen produced— 1.5 liters. 
Production rate— 0.75 liters per hour at 3 to 4 CSH. 
Liquid hydrogen produced per set of three cylinders (1900 to 
700 p s i . ) — 0.9 liter. 
Consumption of liquid nitrogen 
(1) To cool charcoal traps— 6.2 liters 
(2) To cool liquefier to hydrogen temperature of lique-
faction— 3.0 liters 
(3) To produce 1.5 liters liquid hydrogen. 
(a) Purifier— 4.7 liters 
(h) Liquefier— 4.4 liters 
Total liquid nitrogen consumption— 18.3 liters. 
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DETAILS OF CONSTRUCTION OF PURIFIER 
All tubing used, unless otherwise noted, was 3/16" 0.D. x 0.035" 
wall, dead-soft temper copper tubing. Either standard SAE flare fittings 
or "brazed (Easy-Flo) joints were used for construction. The interchanger 
I consists of twelve turns of this copper tubing, constructed by soft-
soldering side "by side two 11.5 feet lengths. The interchanger was then 
wound on a 3-7/16" diameter mandrel. 
The cylindrical metal Dewar vessel is 23-1/2" deep and has an 
inside diameter of 4-1/4". It was specially constructed for this project 
by the Hofman Laboratories, 312 Wright Street, Newark, 5. J. It shows an 
evaporation rate of .125 pounds of liquid nitrogen per hour when half 
filled. 
The detailed design of the charcoal and silica traps is shown, in 
Figure 4. The construction of the traps differs in that the silica gel 
trap is 32" long instead of 12" long. All parts of the trap, with the 
exceptions of the copper inlet and exit tubes "A" and the "brass screens 
"ST" and "SB", are of monel. All joints were brassed using "Easy-Flo" 
silver brazing alloy. The tube "M" pas constructed of 1.75" x 0.22" 
wall (No. 5 gauge) normalized cold drawn, seamless monel tubing. The 
threaded monel plugs, "3T" and "SB" (24 threads per inch), were ra^de of 
hot rolled monel. The screens "ST" and "S3" were constructed of 1/32" 
brass sheets drilled with numerous l/64" diameter holes. They pre held 
in place by peening over the edge of the recess provided in the plugs 
"ET" and "3B", respectively. The screens are intended to prevent the 
charcoal (or silica gel) from leaving the trap, while permitting free 
passage of gas. 
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After brazing, each trap was hy&raulically tested to 5,000 psi 
with the use of oil. The average increase in diameter at this pressure 
was 0.0005". Ho oil leaks appeared, and no permanent set was observed. 
After the test the cap "c» was cut off the filling tube »T" (3/3" O.D. 
x 0.065" wall raonel) , and the trap was thoroughly cleaned with carbon 
tetrachloride. The trap was then filled with either 119 grains of acti-
vated charcoal (Columbia Activated Carbon, Srade 6G-, 8/14 mesh, obtained 
from Carbide and Carbon Chemical Corp., New York, 11. Y.) or 522 grams of 
activated silica gel (Commercial grpde, Type 3, obtained from Davison 
Chemical Corp., Baltimore, M&.). The adsorbent was introduced through 
the filling tube "T" which passes through the screen "ST". The cap "c" 
was then replaced and sealed with Easy-Flo. 
The hydraulic testing unit used consisted of a hydraulic press 
(Blackhawk Jack Model No. 76, made by Blackhawk Mfg. Co., Milwaukee, 
Wis.) and a 10,000 psi Ashcroft pressure Gauge (Euro-gauge type 1077) 
joined to the manifold by standard SAE copper flare fittings and l/4" 
O.D. x 0.035" wall soft copper tubing. The pressure gauge was protected 
by an Ashcroft gauge saver (type 1073), which dampens severe pressure 
pulsations. 
Each trap was filled with hydraulic fluid before it was connected 
to the manifold by pulling a continuous vacuum on the trap, which was 
accompanied by a simultaneous filling with oil. The trap was then sealed 
at one end, and the other was connected to the manifold with a flare 
fitting. Thus the complete system was filled with fluid except for the 
air needed to prevent oil from getting to gauge. 
The silica gel trap (Figure 3) is provided with a 44 ohm bare 
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nichrorae wire (No. 22) heater, "H1M and HH2", wound onto a thin-walled 
brass tube "but separated from i t by a layer of e l e c t r i c a l l y insulated 
cement (Sauereisen Insa-lute Cement No. l ) . The trap was placed inside 
the heater tube; then the heater was thermally lagged with asbestos. For 
the charcoal t r aps t a removable furnace was bu i l t into which the trap 
assembly f i t s . Tae furnace was a brass shell— covered with a layer of 





UETAILS OF CONSTRUCTION OF LIQUEFIER 
The m a t e r i a l s of c o n s t r u c t i o n c o n s i s t p r i m a r i l y of cupro -n icke l* , 
copper, and "brass t ub ing . Al l tubes pa s s ing through the "brass end 
p l a t e s — des igna ted as AA, K3, GC, and DD i n Figure 8— wi th the excep-
t i o n of the copper h igh- and low-pressure l i n e s , are cup ro -n i cke l . The 
two n i t r o g e n p o t s were made of 70$ copper, 30$ n i c k e l a l l o y m a t e r i a l . * * 
Long i tud ina l s t r a i n s were minimized and the low thermal conduc t iv i t y of 
t h i s a l l o y used to advantages . 
Al l J o i n t s and sea l s were aade with the use of e i t h e r 60$ l ead , 
40$ t i n s o l d e r , or "Easy-Flo" s i l v e r "brazing a l l e y . All j o i n t s a t 
Sect ion AA, BB, CC, and DD.were sof t soldered wi th the except ion of the 
j o i n t "between p l a t e DD and N2, which was "brazed. All j o i n t s in the h igh -
p re s su re hydrogen c i r c u i t were "brazed and t e s t e d for l eaks a t 2000 p s i 
"before f i n a l assembly. The j o i n t s in the low-pressure hydrogen l i n e are 
for the most p a r t made wi th soft so lde r . The j o i n t "between the Dress 
tube which surrounds the Dewar v e s s e l and the p l a t e r h i c h suppor ts the 
l i q u e f i e r (compare F igures 5 and 7) i s sof t so lder s ea l . This s ea l can 
"be "broken q u i t e e a s i l y "by hea t ing the j o i n t s s imul taneously wi th two 
small a i r - g a s hand t o r c h e s . 
The f i r s t r e g e n e r a t i v e exchanger, the only exchanger used "by the 
au tho r , was designed to combine s i m p l i c i t y , low heat c apac i t y , and good 
* 30$ Hi, 70$ Ou— obta ined from Super ior Tube Co., Horris town, 
Pa. 
** Wade a v a i l a b l e to us by Br. D. H. Andrews, The Johns Hopkins 
U n i v e r s i t y , t o whom we wish to exoress our thanks . 
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efficiency. Unfortunately, its efficiency was found to lie very low, and 
it has since "been replaced by a "twisted tube" exchanger. Figure 7 shows 
the first used regenerative exchanger. Figure 8 represents a cross-
sectional view of the second regenerative exchanger X, 
The first exchanger X was m.̂ de by soft-soldering a flattened 1/8" 
0.D. x 0.010" wall cupro-nickel tuhe 30 inches long (thickness after 
flattening was 0.061") "between two round tubes of the same kind. This 
construction was also used for the two turn exchanger 33. 
The second exchanger X was modeled after the so called "twisted 
tuhe" exchanger of Nelson , which fc^s "been used successfully hy others. 
This present design is modeled after one proposed hy Mr. William Asher 
of the Johns Hopkins University Lô ; Tetoperature Laboratory. The twisted 
tube, whi ch constitutes the h igh-p res sure side of the e xchange r wa s m ade 
oy first flattening a l/8" O.D. x 0.010" wall, well annealed cupro-
nickel tuhe to a thickness of 0.083" for a length of 30 inches hy pass-
ing it through a set of hand rolls. About 3 inches were left round on 
each end, and the ends were soft soldered to hr*-.ss plugs. The plugs were 
then clamped between the lead and tail stocks of a. lathe. The flattened 
portion of the tuhe was then twisted to give a spiral form with a pitch 
of 20 turns per foot. Pieces of l/32" 50-50 solder wire were wrapped in 
the grooves of the spiral, a light coat of fl\ix paste applied, and the 
whole slipped into a 3/16" CD. x 0.016" wall, well annealed cupro-
nickel tuhe which served as the outside wall of exchanger. The length 
of the 3/16" tuhe was such that the spiral portion protruded about l/4" 
on each end in order to reduce the Tiressure drop which might be present 
if the round section of the 1/8" tuhe came to the ends. The assembly was 
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then heated in a tube furnace to about 220°C. , turned in vertical posi-
tion, and the excess solder and flux forced out "by applying a low 
pressure of nitrogen gas. This was followed by a thorough wash with 
carbon tetrachloride, water, and acetone to remove all flux. The as-




(JO THEORETICAL CALCULATION OF LIQUEFACTION EFFICIENCY 
The theoretical efficiency of liquefaction curve is shorm in 
Figure 1. Assuming no heat loss and tha.% T is equal to T„, "by follow-
1 o 
12 ing Dodge i t i s easy to show tha t 
e = ^ " Hl (1) 
H 3 " H2 
where e — fraction of entering hydrogen collected as liquid 
H,— enthalpy of hydrogen gas leaving pot N2 and enter-
regenerative exchanger 
H — enthalpy of liquid hydrogen in hottom of liouefier 
H„— enthalpy of gas leaving regenerative exchanger and 
entering pot N2 
T-,— temperature of gas with H-
T — temperature of gas with H^ 
All enthalpies (EL, H , etc.) were read off a, temperature entropy 
diagram of Keesom and Houthoff ' with units of calories per gram 
(enthalpy of liquid hydrogen at 1 atmosphere and 20.4°X. equal to 0). 
With cylinder pressure of 2000 psi and T of 77.3^., assuming pressure 
of 1 atmosphere after expansion, e is ea.sily calculated hy using 
Eruption (1). 
1 2 
Dodge, B. F. , Chemical Engineer ing Thermodynamics. HcGraw-
H i l l Book Company, I n c . , Hew York, N.Y., 1944, pp . 417-482. 
1 3 Keesom, W. H. , and Houthoff, D. J . , Coram. Fhys. Lab. TJniv, 
Leiden. Suonl. No. 65 , (1928). 
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252 cal/gm - 206 cal/gm 
e Z ~ 1-2L- = 0.183 
252 cail/gffl - 0 cal/gm 
. . Theoretical efficiency of liquefaction— 18.3 5$ 
(B) CALCULATION OF CONDITION OF GAS ENTERING- HMB8XOK VJiLVE 
With the same assumptions and conditions, the following donation 
is obtained: 
H4 Z e H2 + ( 1 - e ) H21 (2) 
where EL— entha lpy of gas e n t e r i n g expansion valve 
H — enthalpy of l i q u i d hydrogen in "bottom of l i q u e f i e r 
H , — enthalpy of hydrogen gas i n equi l ib r ium wi th l i q u i d 
Using Equat ion (2) wi th va lues 
H^ = 0.131 ( 0 cal/gm ) •+- 0.817 ( 104 cal/gm ) Z 85 cal/gm 
Hydrogen wi th p res su re of 2000 p s i and en tha lpy of 85 cal/gm has 
a temperature "between 45 snd 46^E. 
(C) TRANSFER LOSS DUE TO PRESSURE DROP 
If the l i q u i d in l i q u e f i e r were at a p r e s s u r e of 12 p s i (gauge) , 
the l o s s in l i q u i d due to drop in p res su re ac ross t r a n s f e r valve can 
e a s i l y fee c a l c u l a t e d , assuming no heat l e a k s . The following equat ion i s 
the same as Equation (3) r ep re sen t ing d i f f e r e n t cond i t i ons . 
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H 5 = f ( H g ) - f ( l - f ) H 7 (3) 
where f— f r a c t i o n of l i q u i d tha t "becomes gas a f t e r expansion 
H,-— entha lpy of l i q u i d hydrogen a t 12 p s i gauge 
H — entha lpy of l i c u i d hydrogen a f t e r expansion ( 1 atm. 
6 
a b s o l u t e ; 
H — enthalpy of l i q u i d hydrogen a f t e r expansion 
Using va lues in Equat ion (3) 
8 cal/gm ; f ( 104 cal/gm ) -f- ( 1 - f ) 0 cal/gm 
f Z —§ = 0.077 
104 
. . 7.7 $ of liquid in liquefier is lost due to only Joule-
Thomson expansion. 
(D) CALCULATION OF ACTUAL EFFICIENCY OF LIQUEFACTION 
The liquid hydrogen from liquefier was transferred to a glass 
Dewar vessel of 3-1/8" I.D. , giving a volume per inch cf 
Vol/in = ( 3.135)2 in3 ( S.54 ) 3 cc 
4 iS 
= 125.8 cc/in. 
After transferring all liauid hydrogen in liquefier and measuring 
level inside Dewar vessel, the licuid hydrogen was collected for 19.5 
minutes with a pressure drop from 1880 to 1520 psi in cylinders. The 
liquid was then transferred; this gave a rise inside Dew^r of 1-1/8". 
» 
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The volume collected is easily calculated 
(a) Vol. Z 1-1/3" x 125.3 cc/in = 141.4 cc liouid 
. 14-
The dens i ty of l i a u i d hydrogen i s 0.0709 gm/cc. " The compres-
s i b i l i t y f a c t o r for hydrogen gas a t 1 atmosphere and 25°G. (Figure 9) 
i s 1.019. Therefore the volume of gas a t 1 atm. and 25°C. from 1 cc of 
l i q u i d i s 
Vol - 1 cc x 0.0709 gm/cc x l h / 4 5 3 . 6 gms x l b mole/2.016 l b s 
x 359 CFM/lb mole x 1.091 
= 0.0304 f t 3 g a s / c c l i q u i d 
Thus the 141.5 cc of l i q u i d , converted to gas ( l atm, 25°C. ) , 
would he 
Vol = 141.5 cc x 0.0304 f t 3 g a s / cc = 4 .03 f t 3 
As can be seen in Figure 10, a cy l inde r (p— 1880 p s i , T— 25°C.) 
would hold 182 f t 3 (P— 1 a t n , T— 25°C . ) . A c y l i n d e r (P— 1520 p s i , 
T— 25°C) .wou ld hold 149.5 f t 3 (P— 1 atm, T— 2 5 ° C ) . Thus a cy l inde r 
dropping in p r e s su re from 1880 to 1520 ps i would give a volume of 
Vol = 182 - 149.5 = 32.5 f t 3 / cy l inde r 
Three c y l i n d e r s would give 
32.5 f t 3 x 3 = 97.5 f t 3 
I . C. T . , v o l . I . 102, (1926). 
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("b) . . E f f i c i ency of 1' igaefaction = 4 .03 ^ ^ Q Q _ ^^ & 
97.5 
141.5 cc were c o l l e c t e d over an i n t e r v a l of 19.5 minutes . Thus 
the p roduc t ion r a t e ner hour i s 
(c) 141.5 cc x 50 min = 435 cc/hour 
19 .5 min hour 
The flow meter over this period save a constant reading of 4.5 
CFM (P— 1 atm, T — 25°C). The unliquefied gas was thus 
4.5 ft3/ min x 19.5 Z 87.8 ft3 
The difference "between volume leaving cylinders 2nd volume un-
liquefied is volume liquefied. 
97.5 ft3 - 87.8 ft3 = 9.7 ft3 
(d) . . Efficiency of liquefaction = J*S x 100 = 9.9 §6 
97.5 
The efficiency of liquefaction "based on the flow meter is not 
very accurate as the error in flow is greatly increased upon multiplying 
"by time. Thus, an error of only 0.1 C M will change the efficiency "by 
2 %. The efficiency based on Dewar measurements is also somewhat inexact, 
"because of neglecting of hydrogen in line "between cylinders and gauges 
(small error) and "because of the error in use of probe. The efficiency 
in (b) should "be less than (d) on account of losses in transfer. 
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Figure 1 
Theoretical Efficiency of Liquefaction 
A plot of theoretical efficiency against pressure in cylinders 
along constant temperature lines (T^) of operation of lower nitrogen 
pot. The data of Johnston, H. L., and McCloskey, K. I, , J. Phys. Chenu. 
1038, (1940); and Keesom, f, H. , and Houthoff, 1). J. , Coram. Phys. La,p. 
Univ. Leiden. Su'jol. LTo. 65. (1928) , were used. 
600 855 1666 "l'88ff J> 
Pounds per Square Inch 
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TABL3 II 





psi e T4 in °Z. e g» in °K. 
4 
3000 0.183 45-46 0.275 42-43 
1800 .175 .266 
1600 .16? 45-46 .257 42 
1400 .159 .248 
1200 .147 .234 
1000 .131 45 .214 42 
800 .111 .189 
600 .087 43 .153 42 
T is temperature of liydrogen "before e:>r:>ansion. 
The table illustrates the importance of having the temperature 
of high-pressure hydrogen leaving pot 112 as low as possible. Should the 
exchanger h^ve a low efficiency, T„ would he helow T, and the efficiency 




CONSTRUCTION DETAILS 01 PROBE 
The probe (not shown) consisted of a l/lS" 0.D. 24" length cupro-
nickel tube with 0.010" wall, an electrical heater, and a thermocouple. 
The electrical heater consisted of about SO turns of # 40 constantan 
wire, wrapped in three layers on the outside end of tubing. To the ends 
of the heater wire were soldered two leads of #32 copper wire, the 
joint being insulated with a thin coating of bakelite. The thermocouple 
was am exact duplicate of the thermocouple in liquefier with an addition 
of a coat of bakelite as insulation. The leads to the heater pnd the 
thermocouple were drawn through the tube bv another wire. The end of the 
thermocouple is held inside the cupro-nickel tube 1/52" from the end by 
a loop of wire which passes between the two thermocouple wire3. The ends 
of the loop were wrapped and tied around the heater. This maintained the 




TABLE I I I 
DETAILS OF CONSTRUCTION OF COOLIHC- COILS Ml) HEAT EXCHlHGKEtS 
OF mmOGM LI^UEFIER 
Syiahol Desc r ip -
t i o n 
Turing 
Ma te r i a l s* Outside T7a.ll Length ITumber Diameter F ina l 
Diameter Thickness in of 
in i n Feet Turns 
Inches Inches 
of Man- I . D. o 
d re l used c o i l 
for Wind- in 




F l H.P. g a s copper 1/8 0.032 
F2 H.P. g a s copper 1/8 0.032 
Heat 
Exchangers 










E2 H,P. ; 



























14 21 2-1/4 2-5/16 
5.3 8 2-1/4 2-5/16 
10 16 2-1/4 2-5/16 
9.5 14.5 2-1/4 2-5/16 
1.3 2 2-1/4 2-3/8 
!.5 4 2-1/8 2-9/32 
* All tubing was of "dead-soft" temper. 
** Before f la t ten ing . 
*** Before twisting. 
TABLE IV 
SPECIFICATIONS FOE PARTS OF HYDROGEN LICpSFIER 
Symbol D e s c r i p t i o n M a t e r i a l Tubing 
O.D. i n Wal l T h i c k - L e n g t h i n 
I n c h e s n e s s i n I n - I n c h e s 




1 8 - 1 / 2 
26 
2 5 - 1 / 4 
Stem f o r f f Cu-Ni (h) 5 /32 0 . 0 2 0 1 6 - 1 / 2 
S l e e v e t u b e Cu-Ni (h) 3 / l 6 0 . 0 1 0 1 6 - 1 / 2 
f o r s tem 
Tube b e t w e e n 111 Cu-Ni (h) l / 4 0 . 3 1 0 1 
-nd NV 
Tube between Cu-Ni (h) l/8 0.010 1-1/2 
17V and N2 
Nl Upper pot Ou-Ni Ch)* 3 0.042 
ITS Lower pot Cu-Ni (h) 3 0.042 
K Nl filling 
tube 
Monel (h) 1/2 0.010 
L N2 vacuum line Cu-N: t (h) 3/8 0.010 
U "Expansion 
valve stem 
Cu-Ni (h) 5/32 0.020 
Sleeve tube 
for stem 
Cu-Ui (h) 3/16 0.010 
HT Hydrogen transfer 
tube 
Vacuum jacket Cu-Ni Ch) 3/8 0.010 28-1/2 
Inner tube • Cu-Ni CM 3/16 0.010 36-1/2 
E Nl exhaust Ou-Ni (h) 3/8 0.010 
* The letters (a) and (h) refer to "dead-soft" and "hard-drawn 
temper, respectively. 
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TABL3 IV ( cen t . ) 
SPECIFICATIONS FOR I OF HTIEOOTH LIOJJEFIER 
Symbol Desc r ip t ion Ma te r i a l Tuoing 
O.D. in Wall Thick-




G-3 Dewar v e s s e l Copper (a) 3 / l 6 0.032 
p res su re 
.: Brass dome Brass 4 0.055 4-3/8 
IT one Circuit for 
Tl and T2 
OWi (h) 1/16 0.010 12 
None Conduct for 
T3 and T4 
Cu-Ni m 1/16 0.010 17 
Dewar v e s s e l Pyrex 
Outer tube 
Inner tube 
100 (mm) 2 .4 (mm) 30 
85 (mm) 2 . 4 (mm) 29 
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Slgare 2 
Vieu of Hydrogen Assembly of L iquefac t ion , Showing Commercial 










Details of Pur i f ie r Traps 
M<£ ^'ffJ 
FULL SCALE 
DETAIL OF HIGH PRESSURE PURIFIER TRAPS 
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Figure 5 












Schematic Detail of Hydrogen Licuefier 
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P-V-T Relationships for Hydrogen15 
A plot of PV product against temperature along constant pressure 
lines ranging from 1 to 330 atmospheres (PV : 1 at 1 atmosphere and 0°C.). 
(1931). 
3 Deming, W. &», and Shupe, L. E., J. Am. Chem, Soo.. 53. 843, 

Figure 10 
Volume of.Hydrogen in Cylinder 
A plot of pressure of hydrogen in cylinder (1.523 cable feet) 
against volume the gas would occupy if measured at 25°C. and 1 atmos-





Viscosity of Hydrogen 
A plot of temperature in degrees Kelvin against viscosity in 
* * * « 4- • « , . 1 5 , 17,18,19,20 
poise along constant one atmosphere pressure line. ' 
"1 r-
Johnston, H. L. , rmd. KcCloskey, E. E. , J . An. Ghem. Soc. . 44 . 
90, (1922). 
1 7 Isgfc2ft.i 22ifcJL» l i (1326). 
1 3 Landolt Bb'rnstein, Physikl isch-Chemische Tabel len , He. I . 144, 
(1927) . 
1 9 Ifria. . Eg- H P „ 140, (1931). 
2 0 I M d . > Sg. I l i a , 187, (1935). 

63 
Figures 12 and 13 
Viscosity of Hydrogen 
A plot of temperature in degrees Kelvin against viscosity in 




The plot in Figures 12 and 13 were calculated "by the method of 
approximate interpolation. This assumes that the viscosity of hydrogen 
changes at lower temperature with same relation that it does at the 
temperature of 25 C. As very little information could "be found on vis-
cosity of hydrogen varying with'pressure, this method w^s used. The 
results seem to hold very well until temperature a "below 30 K. are reached. 
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Figure 14 
Reynold' s Haabar 
A plot of Reynold's number in high-pressure side of regenerative 
exchanger against pressure in pounds per square inch along jo in t ly con-





Figures 15 and 16 
Calibration of Flow Bfefeer 
A plot of flow of hydrogen in cubic feet per minute against mano-
meter d i f ferent ia l in centimeters of water for or i f ices with d r i l l ed 
holes of diameter, respect ively, .349 and .175 inches. 

±3m ffi Hr
1 +ffi K ^35Rra»?FWiJf ff:4#1 TTT E^J mmi 
SE346 
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CALCULATION OF HiOV RATES THKOtKH ORIFICE METER 
21 
Following Walker, Lewis, McAdams, and Gri l l l land for flow of 
gases through o r i f i c e s , t h i s equat ion was obta ined 
q_ = 11.95 x 10 4 Cv d 2
2 V 1 - P ^ ' 3 8 8 (4) 
where a— flow of hydrogen i n CFL1 
Cv— c o e f f i c i e n t of d ischarge 
d — diameter of o r i f i c e i n f ee t 
P 2 — ( P-j_ - P^ ) in atmosphere a 
P-u-- he igh t of manometer in atmospheres 
P 2 — ( 1 - .000957 )AH atmospheres 
A H— manometer d i f f e r e n t i a l in cen t ime te r s of water 
2 1 t a l k e r , H. * . , Lewis, W, K. , McAdams, f. H. , and Chilli l and , 
E. R . , P r i n c i p l e s of Chemical Engineer ing, McGraw-Hill Book Company, 
I n c . , New York and London, 55-63, (1937). 
